Haloacetonitrile anions CH 2 XCN − (X=F, Cl) were studied by HF-SCF, Becke3-LYP, and MP2 methods together with the Dunning's basis set aug-cc-PVTZ. The vertical electron attachments to the neutral are endothermic. The geometrically optimized CH 2 FCN − is mainly a valence-bounded anion and CH 2 FCN − →CH 2 CN+F − is a nonadiabatic dissociation. This theoretical study in good agreement with the experimental results shows that the Becke3-LYP method is reasonable in describing the electronic structures of anions and dissociative attachment dynamics, while significant differences between MP2 and Becke3-LYP results are shown for the dissociation potential curves of CH 2 ClCN − →CH 2 CN+Cl − .
well-known that the cyano group (CN) is treated as a pseudo halogen in inorganic chemistry, and it has a remarkable electron affinity (EA) value (3.82 eV) [8] which is a little larger than the halogens (EA F =3.40 eV, EA Cl =3.62 eV, EA Br =3.36 eV) [9] . Although haloacetonitrile has a large µ value, there is an argument about which group the additional electron should be attached to. Namely, on the basis of the nature of the large EA values of cyano group and halogens, the additional electron could be attached to either of them. On the other hand, it is unclear that the low-energy electron can occupy the antibonding σ * CX or π * CN orbital in the valence-bounded anion. Unfortunately, until now there have been no ab initio level calculations on the molecular properties and the energy surfaces of the haloacetonitrile anions. A theoretical study on the molecular properties and dissociation dynamics of CH 2 FCN − and CH 2 ClCN − is reported in this work.
II. COMPUTATIONAL METHOD
It is noted that there are two different energies of electron attachment (EEA): vertical EEA (EEA v ) corresponding to the vertical attachment with the neutral molecular nucleic skeleton and adiabatic EEA (EEA a ) corresponding to the geometrically relaxed anion. An excess electron is assumed to be attached loosely in the former (the dipole-bounded) or to be bounded a little more tightly in the latter (valence-bounded anion). Therefore, using the neutral molecular equilibrium geometry (M ), we can calculate
where E tot a and E tot n are the total energies of the anion and neutral one, respectively. EEA a including zeropoint vibrational energy (ZPVE) correction can be pre-dicted as EEA a = E tot+ZPVE a (A) − E tot+ZPVE n (M )
= ∆E e + ∆E n (2) where A in E tot+ZPVE a (A) represents the anionic equilibrium geometry, and ∆E e and ∆E n are the electronic and nucleic contributions, respectively.
Similarly, the adiabatic dissociation energies (D a ) of anions can be calculated as the differences between the summarized energies of fragments (F i , denoting the equilibrium structure) for a certain channel (j) and the total energy of an initial neutral molecule with ZPVE corrections
Considering the direct dissociation following the electron attachment, we can calculate the direct dissociation energies (D d ) using the geometrical parameters of the neutral molecules
where F ij M denotes the particular moiety in the neutral geometry. The standard counterpoise (CP) technique [10] is used for correcting basis-set-superposition errors (BSSE) in the D dj calculations,
where E tot * (F ij M ) is calculated using the molecular basis sets.
All calculations were performed using Gaussian 98 package [11] . The Hartree-Fock self-consistent field method (HF-SCF) and the Becke's three parameter hybrid functional method (Becke3-LYP) [12] with Dunning s correlation consistent triple-zeta basis set augmented with diffuse functions (aug-cc-pVTZ) [13] were used for the geometrical optimizations and energy calculations. The second-order Møller-Plesset perturbation method (MP2) [14] was used for comparison with the above two methods. Although the dispersion interactions are neglected in the density functional theory methods, Becke3-LYP has been successful (or equivalent to MP2) in predicting geometries, binding energies and frequencies for many hydrogen-bonding species in which the dispersion interactions are usually considered to be extremely important [15] . Moreover, the accuracy for predicting anionic properties at the Becke3-LYP level has been demonstrated elsewhere [16, 17] . All optimized geometries were confirmed to be the minima on the respective energy surfaces by the analytical frequency calculations at the HF-SCF and Becke3-LYP levels. Spin contamination was checked in the open-shell calculations. To elucidate the nature of electron attachments to CH 2 FCN and CH 2 ClCN, the natural charge analysis was made using the NBO 3.0 program [18] implemented in Gaussian 98. The present NBO analysis transformed the delocalized Becke3-LYP molecular orbital into localized orbital, providing insights into the chemical bonding characteristics in the neutral molecules and their anions.
III. RESULTS AND DISCUSSION

A. Electron attachment
The ground-state haloacetonitriles (CH 2 FCN and CH 2 ClCN), their anions, and the polyatomic fragments are shown in Fig.1 on the basis of the Becke3-LYP optimization calculations. The geometrical parameters and harmonic frequencies of the haloacetonitriles and their anions are given in Table I . For the neutral, the HF-SCF and Becke3-LYP calculations predicted the similar geometrical parameters, except for the small discrepancy (≤0.036Å) of bond length; the harmonic vibrational frequency for each mode predicted at the Becke3-LYP level is distinctly smaller than that predicted at the HF-SCF level, indicating the different slopes of the molecular potential energy surfaces around the minima. For the anions, the discrepancies between the HF-SCF and Becke3-LYP results become more significant for CH 2 FCN − , and furthermore, the structure of anion CH 2 ClCN − predicted at the HF-SCF level distinctly differs from that at the Becke3-LYP level. The bond CCl in this anion is predicted to be dissociated by the Becke3-LYP calculation, however, there are no significant differences between the structures of In Table II , the natural charge analysis and the other electronic properties of the anions are presented together with the properties of the neutral for comparison. For the neutral, the Becke3-LYP calculations predict that the haloacetonitriles will have similar µ values vectoring from the halogen and cyano (negative) to CH 2 group (positive). One may notice that the negative charge of F is much larger than the Cl charge, presumably interpreted by the different intramolecular interactions between the halogen and cyano group [19] . When an electron is vertically attached to CH 2 FCN, the CH 2 group is charged negatively (totally ∼−0.914) and only a little negative charge is added to F and N atoms that are negatively charged with almost equivalent populations, which is different from the neutral and the adiabatic anion. With the geometrical relaxation due to the electron-nuclei correlations, the negative charge on the CH 2 group transfers to F and N atoms in the adiabatic anion. The similar situation occurs in CH 2 ClCN − . Although the very small negative charge is still localized on the CH 2 group, the larger negative charge transfers to Cl; finally the Cl atom charged with a negative unit is dissociated for the adiabatic CH 2 ClCN − anion. On the basis of the above natural charge analysis at the Becke3-LYP level, the conclusions can be derived: these vertical-attached anions can be of the dipole-bounded type; the relaxed adiabatic anion CH 2 FCN − is still partly dipole-bounded but mainly valence-bounded π * CN (negative charge increases ∼−0.13 on the bond CN with respect to that in the neutral); the adiabatic anion CH 2 ClCN − can be treated as hydrogen-bonding and electrostatic bounded (Cl −0.82974 · · ·H 2×(+0.22557) ) cluster. Moreover, the electronic spatial extension R 2 and dipole moment also indicate that the additional electron should be bounded in the different types, because the vertical-attached an- Accordingly, the electron densities of the lowest unoccupied molecular orbitals (LUMOs) and the single occupied molecular orbital (SOMOs) of vertical-attached and adiabatic anions have been plotted in Fig.2 . The HF-SCF calculations predicted the diffuse electron distributions of LUMOs of CH 2 FCN and CH 2 ClCN and the additional electron is occupied at this diffuse orbital or is bounded diffusely, the electron distributions predicted at the Becke3-LYP level are distinctly different between the neutral LUMO and the anionic SOMO. Although the vertically-attached electron may be bounded diffusely around the CH 2 group, the electron distribution mainly appears as the antibond π * CN in the SOMO of CH 2 FCN (see Fig.2(a) ) and as the antibond σ * CCl (actually the Cl3p in-plane orbital) in the SOMO of CH 2 ClCN − (see Fig.2(b) ). All differences for the anions predicted at the HF-SCF and Becke3-LYP levels may be explained by the following facts: the longrange Coulomb interactions in the HF scheme lead to the diffuse electron distributions, while the short-ranged dipole interactions can be treated well with electron correlations in the Becke3-LYP functional.
The values of EEA v and EEA a defined by Eq. (1) and Eq. (2) were calculated and are summarized in Table  III . It is surprising that the HF-SCF level of theory predicted the similar EEA values between CH 2 FCN and CH 2 ClCN, and these values are much larger than the Becke3-LYP results. To our surprise, the MP2 data are quite close to the HF-SCF ones. The positive attachment energies of the vertical attachment to CH 2 FCN and CH 2 ClCN and the positive adiabatic attachment energy of CH 2 FCN imply that it is endothermic, which is in line with the experimental results [5] . The negative EEA a predicted by the Becke3-LYP calculations supports the experimental conclusion of the exothermic reaction to produce the Cl − [5] , but both the positive EEA v and ∆E e given by the MP2 calculations imply the contrary conclusion. Furthermore, the nucleic contributions ∆E n to EEA a indicate that the geometrical relaxation owing to the electron attachment is predicted to be significant at the Becke3-LYP level. The theoretical comparison suggests that the second-order perturbation corrections to the HF wave functions in the MP2 scheme may be inadequate for these anions, and the short-ranged interactions between an attached electron and the target molecule can be reasonably described by the hybrid exchange-correlation functional. According to the anionic stability respective to the neutral [2] , the present Becke3-LYP calculations predict that the CH 2 FCN − is at the shape-resonance state while CH 2 ClCN − is at the Feshbach-resonance state.
B. Dissociation dynamics
Five fragments (CHCN − , F − , CN − , CFCN − , and CHFCN − ) were observed at the collision energy of − at the Becke3-LYP level of theory. The energies D d for two atoms dissociated from the parent anion are more than 418 kJ/mol, due to two bonds being broken. The recombination of two dissociated atoms reduces the dissociation energies significantly (see the D a values in Table IV ). Unfortunately, the strong spin contaminant ( S 2 >0.8) was found in the Fig.1 and Fig.2 of Ref. [3] , the band shape of Cl − differs significantly from that of F − besides the peak positions: the former has a big tail extending to the high electron energy while the latter is a symmetric peak. This suggests that the potential energy curve for CH 2 ClCN − →CH 2 CN+Cl − is decreasingly sharper than that of CH 2 FCN − →CH 2 CN+F − , on the basis of the reflection principle of the potential energy curves [2, 20, 21] . This will be proved by the further calculations given below.
The relaxed potential energy curves are plotted in Fig.3 with the Becke3-LYP calculations by scanning bond lengths CC and CF or CCl of the neutral and anions. One can find the distinct differences between these two molecules: the dissociation energies of the CC bonds in the neutral CH 2 FCN, CH 2 ClCN, and anion CH 2 ClCN − are predicted to be extremely high, while it may be lower than 125.4 kJ/mol for CH 2 FCN − ( Fig.3  (a) and (b) ), the CF or CCl dissociation in anion becomes more energetically favorable than in the neutral, a temporary stable anionic state CH 2 FCN − exists, showing a local minimum point with an energy barrier about 6.7 kJ/mol, and a direct dissociation process is predicted along the CCl bond in CH 2 ClCN − , which is contrast to the increasing energies predicted by the MP2 calculations ( Fig.3 (c) and (d) ). However, the above analyses on the experimental spectra support the Becke3-LYP results. In Fig.3(a) , another minimum point exists at about 2.2Å on the CF curve, about 60 meV lower than the transition state and less than 10 meV lower than the separated fragments. The latter smaller energy is mostly due to electrostatic interactions between F −δ1 · · · H 2×(+δ2) , which is similar to Cl −0.82974 · · · H 2×(+0.22557) in the anionic CH 2 ClCN − .
IV. CONCLUSION
The molecular properties and dissociation dynamics were theoretically investigated together with analysis of the experimental spectra reported in Ref. [3] 
